Circulatory function of patients with operatively closed ventricular septal defect and preoperative pulmonary arterial hypertension was evaluated in 11 asymptomatic subjects at rest and during intense treadmill exercise three to 15 years after operation. The pulmonary-to-systemic resistance ratio was normal or mildly to moderately elevated preoperatively. Postoperative mean pulmonary arterial pressure at the time of study was normal or mildly elevated at rest in 10 patients and moderately elevated in one (40 mm Hg). During intense upright exercise sufficient to lower pulmonary arterial oxygen saturation to 30%, cardiac output was below the normal range in five patients. Each of these patients had been operated upon after 10 years of age. The magnitude of the postoperative abnormality in cardiac output response to exercise was directly related to age at operation. Two of the five patients with impaired cardiac output response and two other patients manifested an abnormally elevated mean pulmonary arterial pressure during intense exercise. There was a positive correlation between pulmonary arterial pressure during intense exercise and age at operation. These results indicate that late postoperative cardiovascular function may be abnormal in patients with ventricular septal defect and preoperative pulmonary arterial hypertension, and that these abnormalities appear to be related to age at operation. Since all patients were asymptomatic, the long-term clinical significance of these hemodynamic abnormalities remains to be determined.
( PERATIVE repair of ventricular septal defects is now a routine procedure, and previous studies have demonstrated normal hemodynamics postoperatively in most patients with cardiac catheterization performed at rest1 2 or during mild supine exercise.3 However, we recently found that even when no hemodynamic abnormalities were present at rest or during mild upright exercise in patients with tetralogy of Fallot or atrial septal defect following operative repair, the cardiac response to intense upright exercise could be considerably impaired.4 The present investigation of patients after surgical closure of a ventricular septal defect was therefore designed to assess cardiac performance and the response of the pulmonary vascular bed to exercise stresses that would be more comparable to those experienced during daily activities.
We were particularly interested in evaluating the responses of patients who had pulmonary hypertension preoperatively. Since previous studies have documented that abnormal hemodynamics may be present postoperatively in some patients with ventricular septal defects who had severely elevated pulmonary arterial pressures and pulmonary vascular resistance preoperatively,'-3 5, 6 we restricted our patient population to those patients who had normal or only moderately elevated preoperative pulmonary to systemic resistance ratios and who, during a routine postoperative catheterization, had pulmonary pressures and pulmonary to systemic resistance ratios that were either normnal or only mildly elevated.
Methods
Eleven patients, aged 11 to 40 years (mean 25 years), had exercise studies three to 15 years (mean 9.5 years) after operative closure of a ventricular septal Circulaton, Volume XLVIII, October 1973 defect. All ventricular septal defects were of the infracristal membranous type. The study group was selected from 44 patients operated on for ventricular septal defect and pulmonary arterial hypertension at the National Heart and Lung Institute between 1959 and 1970. Four patients were male and seven female; 10 were Caucasian and one was Negro. Preoperatively, all patients were acyanotic and had clinical evidence of left-to-right shunts, including an apical diastolic flow murmur, increased pulmonary vascularity on chest radiograph, and predominant left ventricular hypertrophy on electrocardiogram. Left-to-right ventricular shunts were confirmed at cardiac catheterization by dye dilution curves and either oximetry or krypton analysis. There was no evidence of associated intracardiac defects in any patient. Preoperatively, three patients were in functional Class I and eight in Classes II or III (New York Heart Association classification). At the time of operation, patients were 5 to 28 years of age (mean 15 years). Closure of the ventricular septal defect was performed through an incision in the anterior wall of the right ventricle, from a point 1 cm proximal to the pulmonic valve annulus and towards the apex for a distance of 3 to 5 cm. All operations were performed by the same surgeon and there was no major change in technique during the period of time the study patients had their operations.
Ten patients had routine postoperative cardiac catheterization within the first year after operation. In one patient (G.V.) follow-up hemodynamic studies were not performed until the time of exercise studies, seven years after operation. In all 11 patients, complete closure of the ventricular septal defect was documented by dye dilution curves, and either oximetry or krypton analysis. Each patient was asymptomatic at the time of exercise study. Chest radiographs showed heart size and pulmonary vascularity to be within normal limits. Electrocardiograms showed normal sinus rhythm and absence of right or left ventricular hypertrophy. No patient was taking medication at the time of the exercise study. Patients were studied in the catheterization laboratory without sedation. A catheter was advanced into the right heart via the basilic vein and a short teflon catheter was inserted percutaneously into the brachial artery. Right heart pressures and cardiac output (by dye dilution curve) were recorded at rest in the supine position. Moderate supine exercise (40-120 watts), sufficient to increase the heart rate to a range of 110 to 150 beats/min, was then performed on a bicycle ergometer over a 4 min period; during the last minute of exercise, pulmonary capillary wedge pressure was measured and cardiac output detennined. Pulmonary capillary wedge pressures during supine exercise were compared with available normal data.7 In four patients, pressures were recorded as the catheter was withdrawn 3 Sse 5 - from the pulmonary artery to the right ventricle just prior to termination of the period of supine exercise. After a brief rest period, the patients exercised on a motor driven treadmill. Total body oxygen uptake (V02) was recorded with a continuous flow system utilizing a paramagnetic oxygen analyzer,8 and cardiac output was measured by the Fick principle. As described elsewhere9 our system permits patients to breathe room air freely without valves, mouthpieces, or nose plugs. Mixed venous blood was obtained from the pulmonary artery and arterial blood was withdrawn from the brachial artery. Arterial and mixed venous oxygen contents were estimated by the method of Van Slyke and Neill10 and with the LEX 02 CON.* Previous studies" have shown there to be no significant difference in measurements of blood oxygen content between the Van Slyke and LEX 02 CON methods. Our own data obtained from 74 paired blood samples confirmed the high correlation between the two methods: y = 1.04x -.66; where x = Van Slyke and y =LEX 02 CON; r =.995, P < .01. Oxygen carrying capacity of the blood was calculated based upon colorimetric hemoglobin determinations. Systemic and pulmonary arterial pressures were recorded with 23Db Statham pressure transducers; zero pressure was set 10 cm below the sternal angle. Measurements were obtained at rest in the sitting position and during the fifth minute of a mild level of treadmill exercise (2.2 mph at zero grade). Exercise intensity was then increased, with no intervening period of rest, to a level that had been determined by previous trials to produce exhaustion in 5,12 to 6 min. Measurements were again obtained during the fifth minute of exercise. Previous studies have documented the reliability of this method for measuring cardiac output under these conditions of exercise and have shown that cardiac index with a standardized intensity of circulatory stress (i.e., at a pulmonary arterial oxygen saturation of 30%) is a particularly useful measure of circulatory function during upright exercise:9 thus, the cardiac index at a pulmonary artery oxygen saturation of 30% was obtained from the observed values by linear interpolation or extrapolation.
In three patients, a #8 double-lumen catheter was situated in the pulmonary artery and pressures from the pulmonary artery and right ventricle were recorded during maximal exercise.
Data from the 11 postoperative patients were compared to those of 12 normal subjects (aged 18 to 43 years, mean 27 years) previously studied in our laboratory.9 Data were analyzed statistically using unpaired Student's t-test and regression analyses. right shunts with pulmonary-to-systemic flow ratios equal to or greater than 1.6. Mean pulmonary arterial pressure was elevated in all patients and ranged from 25 to 77 mm Hg (mean 53 mm Hg). In two patients (A.C. and C.N.) pulmonary arterial pressure was equal to systemic pressure; in six other patients, pulmonary arterial pressure was greater than 60%o of systemic pressure. Pulmonary-to-systemic resistance ratios (Rp:R.) ranged from .17 to .46, with seven of the 11 patients having evidence of elevated pulmonary vascular resistance (Rp:R8 > .25). Systemic arterial oxygen saturation exceeded 92% in all patients. A small pressure gradient of 15 mm Hg was present across the pulmonary valve in one patient (L.O.).
Early Postoperative Hemodynamics Obtained at Rest in the Supine Position
Postoperative catheterization data was obtained one to 12 months after operation in 10 patients (table 1) . Absence of an intracardiac shunt was documented in each of these patients. Pulmonary arterial pressures had returned to normal (mean pressure _ 20 mm Hg) in six patients, were mildly elevated (mean pressure 21-30 mm Hg) in two patients, and remained moderately elevated (mean pressure 31-40 mm Hg) in two patients (table 1, fig.   1 ). Rp:R, increased in one (D.P.) and decreased, but remained abnormal, in another (B.C.) ( fig. 1 ). Right ventricular end-diastolic pressure was 7 mm Hg or less in each patient.
Late Postoperative Hemodynamics Obtained at Rest in the Supine Position
In the studies performed three to 15 years after operation, right ventricular end-diastolic pressure was 10 mm Hg or less in all patients. Mean pulmonary capillary wedge pressure was normal in nine patients and minimally elevated (13 mm Hg) in two (C.W. and B.C.). Pulmonary arterial pressures decreased to normal in two patients who had evidence of residual pulmonary hypertension at the earlier postoperative catheterization (L.O., A.D.). In two other patients with pulmonary hypertension and elevated RP:R, at the early postoperative catheterization (D.P., L.O.), pulmonary arterial pressure and resistance ratio decreased but remained elevated at the late postoperative catheterization and were unchanged in another (B.C.) ( fig.  1 ). A small systolic pressure gradient (4 mm Hg) was recorded between the pulmonary artery and right ventricle during supine exercise in one of the four patients (C.N.) in whom these measurements were obtained.
Late Postoperative Hemodynamics
Obtained During Exercise Pulmonary capillary wedge pressures increased abnormally with moderate supine exercise in five of the 11 patients (table 2, fig. 2 ). Hemodynamic data obtained during upright exercise are summarized in table 2. Systemic arterial oxygen saturation was greater than 92% during exercise in all patients. Cardiac Output. The mean cardiac index at pulmonary arterial oxygen saturation of 30% in the study patients was significantly lower than the values obtained in normal subjects (figs. 3, 4). Cardiac index averaged 6.8 ± .4 L/min/M2 in the patients with closed ventricular septal defects and 8.8 + .5 L/min/M2 in the normal controls (P < .02). Moreover, the magnitude of the cardiac output response to intense exercise was inversely related to age at operation; the older the patient was at operation the lower the cardiac output response (P < .01, fig. 5 ). The cardiac output response to intense exercise was below the lower limits of normal (6.9 L/min/M2) in five of 10 patients (figs. 3, 4); each of these patients was operated upon after 10 years of age. This finding could not be explained by differences in the age of subjects at the time the exercise study was performed, since data from 12 normal subjects (aged 18 to 43 years) studied in our laboratory and 21 normal subjects reported by Damato, Galante and Smith'2 demonstrated no consistent relation between age and cardiac output response to intense upright exercise. Three of the four patients operated on before 10 years of age with normal cardiac output response to intense exercise had a normal RP:RS preoperatively. However, there was no significant relation between the magnitude of preoperative pulmonary arterial pressures or Rp:Rs at rest and late postoperative impairment of the cardiac output response to intense upright exercise. In addition, there were no detectable differences in the preoperative clinical condition of patients having operation prior to or after 10 years of age.
In all five patients with an impaired cardiac output response to intense upright exercise, the cardiac index measured at rest in the supine position was within the normal range. However, one patient (B.C.) with a low cardiac output response to intense upright exercise also developed abnormal increases in pulmonary arterial pressure during upright exercise, two patients (T.K. and D.P.) manifested an abnormal increase in pulmonary capillary wedge pressure and a high pulmonary capillary wedge pressure during supine exercise. Pulmonary Arterial Pressure. During intense upright exercise four patients manifested markedly abnormal increases in mean pulmonary arterial pressure ( fig. 6 ). Three of the four patients (C.W., G.V., L.O.) had normal pulmonary arterial pressures measured at rest in the supine position (table 2). In two of these patients (L.O. and C.W.), pulmonary capillary wedge pressures were elevated during supine exercise, suggesting that in these patients the elevated pulmonary arterial pressures were due, at least in part, to impaired left ventricular performance. A positive correlation was found between the magnitude of pulmonary arterial pressure during intense upright exercise and the age at operation; the later the operation was performed, the higher the pulmonary arterial pressure rose during exercise (P < .05, fig. 7 ). This finding could not be accounted for by differences in the age of subjects at the time of the exercise study, since there was no relation between age and mean pulmonary arterial pressure during intense upright exercise in our normal controls or those of Damato, Circulation, Volume XLVI7I, October 1973 Galante and Smith.'2 There also was no correlation between the magnitude of preoperative pulmonary arterial pressures or Rp:Rs at rest and pulmonary arterial pressures during intense exercise. The length of time between operation and late postoperative catheterization was not related to either the abnormal increases in mean pulmonary artery pressure or impairment in cardiac output response with intense upright exercise. In the three patients in whom a double-lumen catheter was used (T.B., T.K., A.D.) systolic pressure gradients of only 3 to 4 mm Hg were recorded between the right ventricle and pulmonary artery during upright exercise studies.
Discussion
The results of the present investigation demonstrate that the hemodynamic response to intense upright exercise may be considerably impaired in asymptomatic patients following successful closure of a ventricular septal defect. These data, like those obtained following correction of several other congenital abnormalities,4, 13-16 also indicate that hemodynamic measurements made at rest in the Cardiac indices at a pulmonary arterial (PA) oxygen saturation of 30% in 12 normal subjects and 10 study patients with operatively closed ventricular septal defects. Mean cardiac index for each group of patients is shown by the solid line. supine position are relatively insensitive parameters for assessing the results of operative repair. Thus, each of the five patients with an abnormal cardiac output response to intense upright exercise had a normal cardiac output at rest in the supine position. In addition, three of the four patients with markedly abnormal increases in pulmonary arterial pressure during intense upright exercise had normal pulmonary arterial pressure at rest in the supine position.
The mechanism responsible for the reduced pumping capacity of the heart in the five patients cannot be determined definitively from our study. However, pulmonary capillary wedge pressure increased abnormally during supine exercise in three of the five, suggesting that in these patients left ventricular performance was impaired (pre- Figure 5 30
Relation between cardiac index at 30% pulmonary arterial (PA) oxygen saturation (intense upright exercise) and age at operation.
sumably as a result of the pre-existing volume load). Moreover, impaired right ventricular function also may contribute to the reduced cardiac output response. For example, another patient with a low cardiac output response to intense exercise manifested abnormal increases in pulmonary arterial pressure during intense upright exercise without developing an abnormal elevation in pulmonary wedge pressure. Thus, an increased pressure load presented to the right ventricle during periods of exercise stress may interfere with its functional capacity as could residual abnormalities resulting from the pressure and volume loads on the right ventricle preoperatively. It is also possible that postoperative pericardial fibrosis and the right ventriculotomy that was performed in these patients may have contributed to diminished ventricular function. Evidence that patients with ventricular septal defects and preoperative pulmonary hypertension may have abnormal left ventricular function after Mean pulmwnary arterisl (PA) pressure at rest in the sitting position and during mild and intense upright exercise. Shaded area shows the range of performance previously recorded in our laboratory for a group of 12 normal subjects. closure of the ventricular septal defect also has been elicited by other investigators.3' 17 Hallidie-Smith et al.3 found striking increases in pulmonary capillary wedge pressure during mild supine exercise in several patients. These patients, with at least moderate residual pulmonary hypertension postoperatively, would appear to have been more severely affected by the preoperative hemodynamic load than our own subjects. Lueker, Vogel and Blount"7 found impairment in cardiac index with supine exercise in three of eight patients with closed ventricular septal defect and preoperative pulmo-nary hypertension. One of these patients, however, had abnormally low cardiac index at rest.
The mechanism responsible for the marked increase in pulmonary arterial pressure that occurred during intense exercise in four of our patients is not entirely clear. However, in two of the four patients the elevated pulmonary arterial pressure could be ascribed, at least in part, to impaired left ventricular performance since an elevated pulmonary wedge pressure was measured during supine exercise. In the other two patients, however, no increase in pulmonary wedge pressure occurred, suggesting that the elevated pulmonary arterial pressure was due either to persistent pathologic changes in the pulmonary arterioles or to abnormal vascular reactivity. In this regard, Lueker, Vogel and Blount17 demonstrated abnormalities in pulmonary vascular reactivity, as determined by abnormal increases in pulmonary arterial pressure during exposure to hypoxia or supine exercise, in a considerable number of patients following closure of a ventricular septal defect. However, this study was performed in Denver, Colorado (altitude: 5,280 feet), and it is unclear what influence high altitude (with resulting decrease in alveolar pO2 ) may have had on measurement of pulmonary arterial pressure or cardiac output.
Although several authorities recommend that operation be performed in patients with ventricular septal defect and pulmonary hypertension prior to adolescence,'8' 19 little objective evidence has been offered to substantiate this suggestion. The results of the present investigation are consistent with such an approach. All of our patients who manifested a low cardiac output response to intense upright exercise had closure of the ventricular septal defect after 10 years of age. Regression analysis of our data also revealed a direct relation between age at operation and the magnitude of the pulmonary arterial pressure response to intense exercise. Therefore, it would appear that the chronic volume load on the left ventricle, the pressure and volume load on the right ventricle, and elevated pressures in the pulmonary arteries may induce permanent impairment of the functional capacity of the myocardium and pulmonary vascular bed at a relatively early age.
It should be emphasized that our data were obtained from study of a relatively small, retrospectively selected group of patients. Although attempts were made to match the degree of preoperative hemodynamic abnormalities in the different age Circulation, Volume XLViII, October 1973 ( Relation between mean pulmonary arterial (PA) pressure with intense upright exercise and age at operation. groups, it is possible that unrecognized selection factors were at least partly responsible for the age related differences in operative results we found. Thus, additional studies in larger populations of patients with ventricular septal defect and pulmonary hypertension are needed to substantiate our conclusions. Moreover, since all patients in this study were asymptomatic at the time of exercise testing, and were followed for an average of only 9%2 years, the long-term significance of these hemodynamic abnormalities is yet to be determined.
